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Summary
The classical X shape of mitotic human chromosomes is the
consequence of two distinct waves of cohesin removal.
First, during prophase and prometaphase, the bulk of cohe-
sin is driven from chromosome arms by the cohesin antago-
nist WAPL. This arm-specific cohesin removal is referred to
as the prophase pathway [1–4]. The subsequent cleavage of
the remaining centromeric cohesin by Separase is known to
be the trigger for anaphase onset [5–7]. Remarkably the
biological purpose of the prophase pathway is unknown.
We find that this pathway is essential for two key mitotic
processes. First, it is important to focus Aurora B at centro-
meres to allow efficient correction of erroneous microtu-
bule-kinetochore attachments. In addition, it is required to
facilitate the timely decatenation of sister chromatids. As a
consequence, WAPL-depleted cells undergo anaphase
with segregation errors, including both lagging chromo-
somes and catenanes, resulting in micronuclei and DNA
damage. StableWAPLdepletion arrests cells in a p53-depen-
dentmanner but causes p53-deficient cells to become highly
aneuploid. Our data show that the WAPL-dependent pro-
phase pathway is essential for proper chromosome segrega-
tion and is crucial to maintain genomic integrity.Results
WAPL-Mediated Cohesin Removal Protects against
Segregation Errors
The sister chromatids of each individual chromosome are held
together along their entire length by the cohesin complex from
the moment of cohesion establishment in S phase until the
start of mitosis [8, 9]. In vertebrate cells, cohesin is then
removed from chromatin in two distinct waves [1, 2]. First,
in prophase and prometaphase, cohesin is stripped from
chromosome arms by WAPL [3, 4], which is thought to drive
cohesin from chromatin by opening cohesin’s tripartite ring
structure at the interface connecting its SMC3 and SCC1
(RAD21) subunits [10–12]. Centromeric cohesin is protected
against this ‘‘prophase pathway’’ removal activity by Shu-
goshin (SGO1), resulting in the classical X shape of human
chromosomes [13, 14]. The remaining centromeric cohesin is
destroyed at anaphase onset through proteolytic cleavage of
SCC1 by Separase, which allows the separation of sister chro-
matids to the opposite poles of the cell [5–7]. Remarkably, the
biological purpose of the prophase pathway is unknown.
We here pinpoint the importance of the WAPL-dependent2These authors contributed equally to this work
*Correspondence: b.rowland@nki.nlprophase pathway for proper chromosome segregation in
cultured human cells.
Small interfering RNA (siRNA)-mediated WAPL depletion
efficiently blocked the prophase pathway in the human non-
transformed epithelial RPE-1 cell line, as evidenced by the
closed conformation of chromosomes upon WAPL depletion.
In contrast, control cells displayed the open X-shaped confor-
mation (Figures 1A and 1B). To studywhether interferencewith
the prophase pathway affects segregation of chromosomes,
we analyzed anaphases in WAPL-depleted cells. Strikingly,
WAPL depletion caused segregation errors in 25% of the cells,
compared to 7% in control siRNA-treated cells (Figures 1C and
1D). We observed virtually identical results using a second in-
dependent siRNA targeting WAPL (24% errors), ruling out
siRNA-specific artifacts. The defects were cohesin dependent,
as partial knockdown of SCC1 almost completely restored the
error rate to 9% (Figures 1E and 1F). WAPL depletion also
caused segregation errors in HeLa cells (Figure S1B available
online), but as this transformed cell line displays higher basal
error rates, we used RPE-1 cells for our further studies.
Together, these data show that the prophase pathway is in
fact necessary for proper chromosome segregation.
WAPL Is Required to Focus Aurora B at Centromeres for
Efficient Error Correction
We classified the different types of segregation errors in
anaphase B of control and WAPL-depleted cells and found
an increase in two major types of missegregations (Figures
1G and 1H). First, in WAPL-depleted cells, there was a marked
increase in lagging chromosomes (from 0% to approximately
9%) that were identified by the presence of a chromatid with
a single CREST dot lagging between the anaphase packs. In
addition, there was an increase in ultrafine DNA bridges or
catenanes (from 3% to 19%), which were identified through
stainings for PICH, a protein that binds to catenanes in mitosis
[15]. We also detected chromosome bridges, but these were
present at similar low frequencies in both control and in
WAPL-depleted cells. Importantly, the increase both in lagging
chromosomes and in catenanes was cohesin dependent, as
their abundance was largely reduced by partial SCC1 deple-
tion (Figure S1C).
Lagging chromosomes are often a consequence of defects
in Aurora B-mediated error correction [16]. This is interesting,
as Aurora B’s localization on chromatin is similar to that of
cohesin, in that it is present along chromosomes in early
mitosis and then relocalizes to the centromeres [17]. We asked
whether these two processes might be functionally linked. To
test this, we measured the relative intensity of Aurora B stain-
ing at centromeres and arms in control versusWAPL-depleted
cells. Interestingly, we found that Aurora B was 22% less
concentrated at centromeres in WAPL-depleted cells (Figures
2A and 2B). Likewise, WAPL depletion reduced centromeric
Aurora B autophosphorylation at Threonine 232 by 17% and
reduced the phosphorylation of Aurora B’s centromeric target
CENP-A by 47% (Figures 2C and 2D). Aurora B’s recruitment
factor SGO1 was also less concentrated (by 25%) at centro-
meres in WAPL-depleted cells (Figure 2E). This latter observa-
tion is in correspondence with published work [3, 4, 18] and
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Figure 1. WAPL-Mediated Cohesin Removal
Protects against Segregation Errors
(A) Chromosome spreads of RPE-1 and RPE-1
p53kd cells that were either mock transfected or
transfected with the indicated siRNAs. Cells
were treated with Nocodazole for 4 hr prior to
harvesting. The graph depicts the relative
number of spreads displaying an open or closed
conformation. The photographs show represen-
tative examples of both phenotypes. The average
result is shown with the SDs of three indepen-
dent experiments. Approximately 100 cells were
scored in each experiment.
(B) Western blots of cells as treated in (A).
(C) Representative examples of anaphases as
described in (D).
(D) Quantification of segregation errors that were
visualized by DAPI and CREST stainings. siRNA-
transfected cells were synchronized in G2 with
RO-3306, released, and fixed when the first ana-
phases appeared. DNA (DAPI and pH3) and cen-
tromeres (CREST) were visualized by (immuno)
fluorescence microscopy. We only scored ana-
phases that had the ends of their DNA packs
between 15 and 18 mm apart. Averages and SDs
are shown for three independent experiments.
(E) Partial SCC1 knockdown rescues the segre-
gation defect observed with WAPL depletion.
Cells were transfected with the indicated
siRNAs and further treated and analyzed as in (D).
(F) Western blots probed for WAPL and SCC1 of
the cells as treated in (E). CDK4 serves as a
loading control.
(G) Classification of the segregation errors of con-
trol and WAPL-depleted RPE-1 cells into three
categories: lagging chromosomes (a chromatid
with a single CREST dot lagging between the
anaphase packs), catenanes (a set of chromatids
or CREST dots that lag from both packs and are
connected by a PICH fiber), and chromosome
bridges (a DNA fiber with the thickness of an
entire arm connecting both packs without a
lagging CREST dot). The quantification is shown
of a representative experiment in which RPE-1
cells were treated as in (D) and stained with
DAPI and the indicated antibodies.
(H) Examples of the segregation errors as classi-
fied in (G).
See also Figure S1.
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2072suggests that Aurora B mislocalization might be SGO1
dependent. Intriguingly, histone H2A phosphorylation was
not affected by WAPL depletion (Figure 2F), indicating that
WAPL controls SGO1 localization independently of this
recruitment mark.
Apparently, cohesin’s removal from chromosome arms
does contribute to Aurora B’s focusing at centromeres. To
test whether this reduced Aurora B-dependent phosphoryla-
tion at centromeres in WAPL-depleted cells affects its ability
to correct erroneous microtubule-kinetochore attachments,
we performed an error correction assay. Using this assay,
which entails a Monastrol washout into MG-132 [19], we found
that WAPL depletion results in a delay in the alignment of
chromosomes at the metaphase plate. This effect of WAPL
depletion was particularly evident at 20 min after Monastrol
washout, from 27% aligned metaphases in control cells to
6% and 10% with the two different siRNAs targeting WAPL
(Figure 2G). This defect was largely resolved after 30 min (Fig-
ure 2H), indicating that error correction does occur, but at a
slower pace. These data show that Aurora B-dependent errorcorrection is indeed impaired in the absence of the prophase
pathway and imply that the lagging chromosomes observed
upon WAPL depletion are likely caused by defects in Aurora
B focusing at centromeres.
WAPL Is Required for the Decatenation of Sister
Chromatids
Cohesin was recently shown to maintain the intertwining or
concatenation of sister chromatids [20]. In correspondence
with this notion, Separase-mediated cleavage of centromeric
cohesin at anaphase onset is a prerequisite for the deca-
tenation of sister centromeres [21]. Our observation that
WAPL-depleted cells display an increase in catananes
strongly suggests that the prophase pathway is required for
decatenation.
When analyzing the anaphases that displayed segregation
errors that were detectable with DAPI and CREST stainings,
we found that WAPL depletion caused an increase in both
lagging chromosomes and catenanes (Figures 1G and 1H).
We therefore expanded our scoring for catenanes to include
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Figure 2. WAPL Is Required Both to Focus
Aurora B at Centromeres for Efficient Error
Correction and for SisterChromatidDecatenation
(A) Aurora B localizes at chromosome arms
after WAPL depletion. siRNA-transfected cells
were treated for 2 hr with Nocodazole. Their
DNA (DAPI), Aurora B, and CREST (centromere
marker) were visualized by (immuno)fluores-
cence microscopy.
(B) Quantification of the fraction of Aurora B
localized at centromeres (colocalization with
CREST) relative to the total amount of Aurora B
at the DNA (colocalization with DAPI) using an
in-house-written macro for ImageJ. Each mark
depicts the quantification of one cell. Error bars
depict the SEM.
(C) Quantification of the centromeric fraction
of autophosphorylated Aurora B. Quantification
was performed as in (B).
(D) Absolute intensity of phosphorylated CENP-
A, normalized relative to the absolute CREST
intensity at centromeres, using the macro
described in (B).
(E) Quantification of the centromeric fraction of
SGO1. Quantification was performed as in (B).
(F) Quantification of the centromeric fraction of
phosphorylated histone H2A. Quantification was
performed as in (B).
(G and H) WAPL depletion causes a delay in
chromosome alignment. siRNA-transfected cells
were synchronized in G2 with RO-3306, released,
treated for 2 hr with Monastrol, released into MG-
132, and fixed at the indicated time points.
(I) Examples of alignments as quantified in (G)
and (H).
(J and K) WAPL-deficient anaphases show an in-
crease in centromeric and arm catenanes (J).
Centromeric catenenes are recognized by a
PICH fiber connecting two CREST dots (K,
bottom); Arm catenanes have a PICH fiber con-
necting chromosome arms (K, top). Cells were
treated as in Figure 1G.
For representative examples of (C)–(F), see Fig-
ures S2A–S2D. In (G), (H), and (J), the average
and SDs are shown for at least three independent
experiments consisting of approximately 100
cells each. See also Figure S2.
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Figure 3. WAPL Protects against Aneuploidy
(A) Stable depletion ofWAPL causes growth arrest in RPE-1 cells. Cells were
infected with the indicated lentiviral shRNAs and were plated at equal den-
sity after puromycin selection. Cells were fixed after 5 days and stained by
crystal violet.
(B) Western blot probed with the indicated antibodies of the cells as treated
in (A).
(C and D) Cells were treated as in (A), but were plated on glass coverslips
24 hr prior to fixing. DNA (DAPI) and DNA damage (gH2AX) were visualized
by (immuno)fluorescence microscopy.
(C) Quantification of gH2AX foci.
(D) Quantification of micronuclei-positive cells.
(E) Stable WAPL knockdown arrests RPE-1 cells in a p53-dependent
manner. RPE-1 and RPE-1 p53 knockdown cells were infected with the indi-
cated lentiviruses and treated as in (A).
(F) Phase-contrast pictures of the cells in (E).
(G) Western blot of the cells as treated in (E).
(H) WAPL depletion causes aneuploidy in p53-deficient cells. RPE-1 p53
knockdown cells were infected with the indicated lentiviruses. Chromo-
somes were counted after 15 days of culturing.
Error bars depict averages and SDs.
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2074all anaphases. This revealed that many anaphases that appear
to be faultless do in fact harbor catenanes in anaphase B.
Importantly, there was a significant increase in PICH fiber-
positive cells upon WAPL depletion (from 14% to 28% and
25%, respectively) (Figures 2J and 2K). The PICH fibers of
control and WAPL-depleted cells also stained positive for
the BLM helicase (Figure S2E).
We subsequently determined whether the PICH fibers con-
nect centromeres or rather chromosome arms. Centromeric
catenanes were more abundant than arm catenanes, but both
were increased by approximately 2-fold uponWAPL depletion
(Figures 2J and 2K). The increase in centromeric PICH fibers in
anaphase B is unlikely to be a consequence of defects in PICH
recruitment in early mitosis, as we detected no obvious effect
on PICH localization to kinetochores in prometaphase (Fig-
ure S2F). Apparently, the prophase pathway is important for
the decatenation of both centromeres and chromosome arms.
WAPL Protects against Aneuploidy
Missegregations are acommoncauseof aneuploidy.We there-
fore wished to test whether prolonged culturing of WAPL-
depleted RPE-1 cells yields an aneuploid karyotype. We
infected RPE-1 cells with lentiviruses expressing short hairpin
RNAs (shRNAs) that stably knocked down WAPL (Figures 3A
and3B). Toour surprise,WAPL-depletedcells failed toprolifer-
ate beyond a fewdivisions (Figure 3A) and arrestedwith a char-
acteristic flat cell phenotype. This resultwasobservedwith two
independent shRNA sequences, to rule out shRNA-specific
artifacts. Consistent with the notion thatWAPLdepletion could
block cell proliferation as a consequence of segregation errors,
we observed a stark increase in micronuclei and gH2AX foci in
WAPL-depleted cells (Figures 3C and 3D), both of which are
known consequences of segregation errors [22, 23]. Micronu-
cleation is also caused by defects in PICH- and BLM-depen-
dent resolution of catenanes in anaphase [24, 25].
The proliferation of aneuploid cells is limited by p53 [26, 27].
We therefore tested whether p53 codepletion permitted the
proliferation of WAPL-depleted cells. Interestingly, p53 code-
pletion almost completely rescued the proliferation defect of
WAPL-depleted cells (Figures 3E and 3F). The levels of
WAPL depletion were not affected by p53 depletion, indicating
that the rescue was not a consequence of less-efficient WAPL
knockdown (Figure 3G). This result shows that WAPL knock-
down inhibits proliferation in a p53-dependent manner. We
then tested whether WAPL depletion affects the prophase
pathway in a p53-dependent manner, and we found that
WAPL depletion blocked the prophase pathway with similar
efficiency in p53-deficient as in control RPE-1 cells. Likewise,
WAPL depletion caused the same degree of segregation
errors in both of these cell lines (Figures 1A–1D).
These resultsnowallowedus to testwhetherWAPLdepletion
causes aneuploidy. We cultured control p53-depleted RPE-1
cells side by sidewithWAPL and p53 codepleted cells and kar-
yotyped the cells after 15 days of culturing.Whereas the karyo-
type of control cells was relatively stable, displaying only minor
deviations from the average chromosome number of 46,WAPL
depletion caused a marked increase in aneuploid cells, with an
average chromosome number of 55 (Figure 3H). These results
demonstrate that WAPL protects against aneuploidy.
Discussion
The purpose of the prophase pathway has long been amystery
[28]. Our finding that WAPL-depleted cells have defects inAurora B focusing at centromeres and in error correction pin-
points an unanticipated role of the prophase pathway. Aurora
B is the active component of the chromosome passenger
complex (CPC) that also includes INCENP, Survivin, and Bor-
ealin [17]. Localization of the CPC at chromatin is regulated
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2075by the coordinated function of two pathways that interestingly
both converge on cohesin. The first pathway involves the bind-
ing of the CPC to SGO1, which is recruited to centromeres
upon Bub1-dependent Histone H2A phosphorylation [29].
SGO1was recently shown to also bind directly to cohesin after
CDK1-mediated SGO1 phosphorylation [30]. This latter finding
may explain howWAPL depletion can affect SGO1 and Aurora
B localization independently of H2A phosphorylation (Figures
2B, 2E, and 2F). In the absence of the prophase pathway,
arm cohesin complexes might indeed recruit SGO1 by binding
to it directly.
The second CPC recruitment pathway concerns its binding
to phosphorylated Histone H3 at Threonine 3. This phosphor-
ylation is dependent on the mitotic kinase Haspin [31–33].
Intriguingly, fission yeast Haspin binds directly to cohesin’s
Pds5 subunit [33]. Whether or not these networks are fully
conserved throughout eukaryotes is unknown. The impor-
tance of the prophase pathway for CPC localization does
appear to be conserved through vertebrates, as INCENP was
shown to be more diffusely distributed on chromosomes of
WAPL-depleted Xenopus extracts than on control chromo-
somes [18]. We do not currently have a full understanding of
the interconnections between Aurora B localization and the
prophase pathway. However, the available evidence is in cor-
respondence with a model in which the CPC’s localization on
chromatin is cohesin dependent and that its shift from chro-
mosome arms to centromeres is at least in part dependent
on cohesin’s removal from chromosome arms.
We find that another purpose of the prophase pathway is to
promote chromosome decatenation. We envisage either of
two mechanisms to explain the increase in catenanes in
WAPL-depleted cells. The first model is that the prophase
pathway acts to ensure that chromosome arms are decaten-
ated prior to anaphase. In this case, Topoisomerase II merely
needs to decatenate centromeric DNA in anaphase. This
then reduces the chance of a catenane persisting until cytoki-
nesis, which would be a threat for genomic stability. An alter-
native model is that the prophase pathway is important to limit
the amount of cohesin rings that have to be cleaved by Sepa-
rase, to allow rapid chromosome segregation in anaphase.
The increase in catenanes observed upon WAPL depletion
would then be a consequence of residual uncleaved cohesin
rings in anaphase that maintain the catenanes. Whichever
model turns out to be correct, in both cases the prophase
pathway serves to limit the amount of catenanes.
The importance of WAPL for proper chromosome segrega-
tion was not reported in the original papers on WAPL’s role
in the prophase pathway [3, 4]. It is a good possibility that
this result was overlooked in HeLa cells due to the relatively
high basal error rate of these cells (Figure S1A and S1B). One
of the studies did mention that WAPL depletion caused an
increase in multilobed nuclei [4]. This phenotype that was re-
ported as unpublished data is a known consequence of segre-
gation errors. WAPL overexpression by itself causes severe
loss of cohesion [3, 4]. Therefore, we could not perform a
rescue experiment by overexpressing a nontargetable WAPL
mutant. However, as we observe segregation defects with
multiple independent siRNAs, we are confident that this
phenotype is not an off-target effect. Furthermore, a recent
study by the Peters laboratory shows that a nonphosphorylat-
able mutant of Sororin also causes segregation errors [34]. As
Sororin phosphorylation, like WAPL, is essential for the pro-
phase pathway, this confirms our finding that the prophase
pathway protects against segregation errors.The prophase pathway is unique to metazoan cells.
Budding yeast, for example, separate their chromosomes
along their entire length by Separase-mediated cleavage of
Scc1. WAPL depletion de facto creates a yeast-like anaphase
in human cells, in which Separase cleaves cohesin along the
entire length of chromosomes at the metaphase to anaphase
transition. However, we show that these anaphases often
contain segregation errors that can lead to aneuploidy. Why
then is there no prophase pathway in fungi? One possibility
is that this pathway is only important in species that
contain relatively long chromosomes. Shorter chromosomes
will presumably harbor fewer catenanes, which could be
more efficiently resolved by Topoisomerase II in anaphase.
An alternative explanation is based on the logic that the
prophase pathway saves cohesin rings from Separase-
mediated cleavage. These intact cohesin rings that are
readily available without requiring de novo synthesis of
SCC1 could be important for, e.g., transcriptional regulation
in the subsequent G1 phase [35]. The species that do not
have a prophase pathway might then not regulate their tran-
scription is such a manner. This is supported by the finding
that Wapl barely regulates transcription in budding yeast
[36]. Our data do not rule out that the prophase pathway in
addition to its crucial role in mitosis serves such a role in
interphase of animal cells.
Our results show that cohesin has a remarkable dual role in
genomic stability. Evidently, cohesin’s stable association at
centromeres is essential for tension-sensing and hence error
correction and faithful segregation. However, it is apparently
also important that it is actively removed from chromosome
arms to allow the efficient correction of erroneous microtu-
bule-kinetochore attachments. Likewise, its persistent pres-
ence on chromosome arms is also dangerous in that it
prevents decatenation. The controlled local inhibition versus
allowance of WAPL-mediated cohesin removal therefore
appears to be a highly delicate balance.
Conclusions
In this report, we explore the biological purpose of the WAPL-
dependent prophase pathway of cohesin removal. We un-
cover that this pathway is essential for proper chromosome
segregation and find that it is important for two key events in
mitosis. First, it is important to focus Aurora B at centromeres
for efficient correction of erroneous microtubule-kinetochore
attachments. In addition, it is important to facilitate the deca-
tenation of sister chromatids (Figure 4). Without a prophase
pathway, chromosomes segregatewith severe errors and cells
become highly aneuploid. The two-phase removal of cohesin
from chromatin that leads to the X shape of human mitotic
chromosomes is therefore of vital importance for genomic
integrity.
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Figure 4. A Model for the Purpose of the Pro-
phase Pathway
Schematic overview of mitotic progression with
and without the prophase pathway.
(A) Atmitotic onset, the sister chromatids are held
together along their entire length by cohesin.
Aurora B is at chromatin and catenanes persist
along chromosome arms. The WAPL-dependent
prophase pathway then drives the bulk of the
cohesin from chromosome arms, which allows
the decatenation of chromosome arms and
Aurora B’s relocalization to centromeres, where
it corrects erroneous microtubule-kinetochore
attachments. At the onset of anaphase, Separase
cleaves the remaining cohesin, and Topoisomer-
ase II merely needs to decatenate centromeres,
leading to proper chromosome segregation.
(B) In the absence of the prophase pathway,
chromatid arms are held together until anaphase
onset. This compromises Aurora B’s focusing
at centromeres, resulting in lagging chromo-
somes. Topoisomerase II now needs to decaten-
ate chromosomes along their entire length in
anaphase, which increases the chance of segre-
gation errors. Both of these defects can cause
aneuploidy.
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